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INTRODUCTION
Practical MAV reconnaissance missions to be conducted in an outdoor urban environment simultaneously require the capability of both flying fast to reach a target even in windy conditions and slowly loitering over a target in order to capture and transmit clear images to the ground station. Because they intrinsically offer better endurance and payload capacity than rotorcraft of equal size, fixed-wing micro air vehicles are believed to be good candidates for designing micro air vehicles devoted to complex recognition missions. Although micro rotorcraft proved to be efficient for indoor missions and outdoor missions with moderate wind conditions, it is believed that a fixed-wing MAV with VTOL capacity could outperform a rotorcraft in perturbed weather conditions and still be able to perform building intrusion and hover flight. A fixed-wing micro aerial vehicle with hover flight capability has been designed and tested. Such a configuration is believed to be of interest for a broad range of civil and military missions because it can combine horizontal flight for covertness and vertical flight for clear image transmission.
A first prototype of a VTOL mini-UAV called the Vertigo was successfully flown in late 2006 in manual radiocontrolled mode in order to demonstrate the capacity to safely perform transition between hover and forward flight ( Fig. 1, left) . The configuration was inspired by the Convair "Pogo" and based on a coaxial propeller located in tractor configuration in order to provide a blowing effect capable of maintaining aerodynamic efficiency of the elevons when in hover mode. A wind tunnel campaign was carried out to extract experimental results from the Vertigo aerodynamic characteristics. Both powered and unpowered tests were run so that the strong influence of propeller flow on the wing could be measured. As confirmed by the measurements and by a comparison with an analytical model of the propeller 2 Research Assistant, Department of Aerodynamics, Energetics and Propulsion, chinnapat@gmail.com 3 Graduate student, Department of Aerodynamics, Energetics and Propulsion, gksvit@gmail.com 4 Professor in Aerodynamic, Department of Aerodynamics, Energetics and Propulsion, jean-marc.moschetta@isae.fr slipstream due to McCormick [1] , the alteration of the free stream through the propeller disk is responsible for enabling steady states all along the transition flight. Therefore, some studies were derived so as to depict more accurately the propeller wing interaction phenomena and be able to adapt the tilt body concept to MAV size.
A first experimental study of a VTOL MAV had been carried out at ISAE in cooperation with Prof. S. Shkarayev [2] to measure the slipstream of a coaxial propulsion set using a hotwire technique. The detailed insight of the slipstream development was compared with momentum theory and was used to properly design a 30 cm-span VTOL MAV prototype named mini-Vertigo, which was designed and fabricated in collaboration with the University of Arizona (Fig.   1 right) . Apart from transition flight, another key aspect of the design of fixed-wing VTOL MAVs is related to VTOL and hover flight. Indeed, the MAV is simultaneously required to be sufficiently stable so as to steadily hover and sufficiently manoeuvrable so as to counter any perturbations. In the present tractor configuration, hover flight control is achieved by the propeller slipstream deflection using trailing edge flaps or elevons. Air vehicles, both fixed wing and rotor wing type, are usually affected by ground effects as they approach an altitude approximately equal to the aircraft wingspan or to the helicopter rotor radius. The effect increases as the vehicle descends closer to the ground. This effect reduces an induced drag of aircraft but it can present a hazard, particularly for inexperienced aircraft pilots. The ground effect has been thoroughly studied especially for rotorcraft. A helicopter hovering in ground effect requires considerably less power than when it is hovering out of ground effect [3] . Ground effect is usually presented when the rotor is close to ground at a distance lower than its diameter. Many studies had been carried out to investigate ground effect including experimental tests [4] , computational methods [5] , and visualization techniques [6] . Since there is strong interaction between airframe undersurfaces and the ground in the
presence of lift jets, ground effect was also considered for VTOL and STOL aircraft as well [7] [8] . The study of wing in ground effect, reported by Morris [9] , shows the advantage of ground effect by an increase of 18% and 26% in lift coefficient and lift-to-drag ratio, respectively. According to this advantage, airplanes in ground effect or ekranoplan (in Russian, "экранопла н"), which first tested in Scandinavia just before World War II, have been developed in Russia, USA, and China. Ground effect on a small air vehicle model was studied for a quad tilt rotor platform by Alfred Gessow Rotorcraft Center at the University of Maryland. The experimental study of Ref. [10] found impact of ground to airframe loads which vary from 3.6% to 15.7% of the total thrust for ground and out of ground effect, respectively.
They compared the test results with CFD results as well [11] .
Fixed wing MAVs normally operate outdoors with an altitude sufficiently high so as to be able to spot ground targets and avoid ground collision. For this reason, ground effect is not very interesting for standard outdoor MAVs.
Yet, the tail sitter VTOL MAVs developed by the University of Arizona and ISAE are designed for both indoor and outdoor surveillance missions. They are designed for autonomous vertical take-off and landing and should be capable of hovering over a horizontal target. Ground may indeed introduce some perturbations during vertical take-off and landing or when hovering over a horizontal plane such as a table. Therefore, a dedicated experimental bench has been used to measure the hover flight performances, both in terms of propulsion and aerodynamic efficiency. Ground and wall effects have been especially analyzed in view of predicting the vehicle behavior in take-off and landing phases. To investigate ground effect on a MAV with a very small weight and very low aerodynamic force, the experiment is carefully carried out on a very high performance force balance.
A FIXED-WING TANDEM-MOTOR MAV: MAVion
The coaxial concept is well adapted for mini size electric motor by using a hollow shaft. Many flying objects now use this system, in particular RC-commercial coaxial helicopters, due to its benefit of torque elimination without tail rotor.
Tail-sitter fixed-wing VTOL MAVs also require this advantage, especially for the VTOL and hovering phase.
However, this mechanism is difficult for miniature motor sizes. A coaxial system has been realized for a micro size flying robot as seen in the Fig.1-right The MiniVertiGo used two big motors of 20g-weight-each which gives a thrust of 500g (5N). This is high compared with vehicle's mass of 243 grams. The coaxial concept is difficult to realize for the smaller size of flying objects envisioned in future development. The propulsive-wing interaction study of Thipyopas [12] also mentioned an improvement of wing aerodynamic performance by using side-by-side tandem tractor propellers rotating so as to counter wingtip vortex. Accordingly, the new design of a VTOL MAV, called MAVion, is conducted by a group of students from ISAE. Initially, MAVion consists of a simple rectangular wing, side-by-side tandem tractor propulsion, one vertical stabilizer, and a main fuselage for integration of the electronics. Finally, wing planform has Final Report -research grant FA8655-07-M-4010 6 been modified by applying taper to reduce the maximum size and to improve wing aerodynamic efficiency. According to the study of Ref. 2, the propellers are placed 65mm-ahead the wing leading edge in order to gain the maximum propwash speed on the main wing. The final MAVion version is shown in Fig. 2 -left. The wing has a root chord of 180mm, tip chord of 100mm, and span of 300mm. Two 3-blade GWS 5030 contra-rotating propellers are installed at 80mm-span from the central. Two control surfaces are placed on the trailing edge for both pitch and roll control. This MAV is specially designed to perform both forward flight and hovering. The MAVion has already demonstrated it horizontal forward flight performance by taking first place at the IMAV09 competition. (Fig. 2-right) . Also, the size of horizontal ground surface may be comparable to the size of the rotor/propeller in situations such as landing on a table. The aerodynamics in partial ground effect could be different.
Therefore, ground effect is only studied for comparatively large surfaces in this report.
CONFIGURATION DESIGN AND COMPUTATIONAL APPROACH

Geometry and CAD file definition
In order to develop a 3D geometry of the aircraft, a CAD design method developed by Dassault Aviation, CATIA V5, has been used. Figure 3 describes the overall sketching and development of the body using several tools like sweeping, revolve and scaling for desired output. After creating a wing and fuselage body we need to create a filleting 
A 3D unstructured grid generation
In view of generating the grid around the body, the first step is to create the appropriate geometry of the body as described above. Since for the moment only the longitudinal problem is considered and the geometry is symmetrical, only half of it has been meshed. Also the propeller disk has been modeled following the disk actuator theory. Namely
Philips' model has been applied so that only pressure difference and velocity distribution is given along the disk surface as boundary conditions. Figure 6 illustrates the computational domain which extends 1. In the present project the choice was to first generate an unstructured grid because only inviscid effects are considered as a first step. Generating an unstructured 3D grid is also less time consuming and allow for a reasonably good pressure field computation. In a second phase of the project, boundary layer effects will be accounted for through the addition of prismatic cells along the body surface. Volts for all components where the strain gauge is auto-compensated for temperature. 
Electronic Hardware
The balance is supplied by 4Volts DC generated by an ANS E 300 power supply/conditioner. The electric tension supplied to the balance is controlled by a high accuracy Volt meter with a precision of 0.001V. A gain of 1000 and a filter at 1 Hz are applied to the output signal from the balance. The treated signals are then sent to the USB-6218 M Series data acquisition card National Instruments (NI). The analog voltage range of this card is normally set at -10 to +10V; however, it is adjusted to the range of -1 to +1V in order to gain highest digital resolution.
Mechanical Setup
The balance is carefully attached to a rigid support and is calibrated by a digital angle instrument (Schaevitz AngleStar Digital Protractor Model DP-60) which has an error less than 1% and a resolution of 0.1°. Institut Aerotechnique calibrated the MicroB by applied force in only one direction, therefore coupling effects between the Y and Z directions were not tested. During an actual aerodynamic measurement, however, all three forces and three moments are applied.
A validation test was performed to determine the extent of coupling between the X, Y, and Z components. The overall validation set up is presented in Fig. 11 with all forces and moments applied. In Fig. 11c , the force in the X direction is applied by a mass of 200g presented on the left side of photo. 
Validation Test Description
The measurement error (i.e. the closeness of the measurement to the true value) which can be written in the form of Eq.
(1), is clearly determined if the true value is known. Accuracy is inversely related to bias. In the experiment, the true value is frequently unknown and it is therefore impossible to determine the accuracy. It is, however, possible to determine the accuracy or measurement error using a standard reference mass. To verify the capacity and to identify the error or accuracy of the MicroB balance, the reference masses are measured by a highly accurate Sartorius balance which has a maximum capacity of 2kg and an accuracy of 10 -4 grams or approximately 10 -5 N.
Data is collected through the Labview interface at 1 kHz. Mean and standard deviation are calculated from 1000 data samples for each measurement. 110 random force / moment measurements are performed in this validation test.
The maximum and minimum load applied ranges from 1g to 400g and 1g.cm to 2000g.cm for forces and moments respectively. For the first 60 cases, a single load is applied and zero acquisition is performed before the next test. In each case after zero acquisition is done, the test is then followed by 25 measurements to study repeatability of the system. The effect of applying force in the axial direction is also evaluated for test numbers 51 to 60 and test numbers 91-110 by putting 200g of mass in the X direction. For test numbers 61-100, validation is conducted to study the effect when applying continue force which means that no zero acquisition is performed for the next load. The mass is suddenly added to the system and then a measurement is performed. 25 measurements are conducted for each applied load. Increased load and decreased load cases are conducted to define the hysteresis of system. All tests are detailed in 
Quantization Error
This parameter is defined by the performance of the acquisition card (number of bits) and by the input voltage range.
This error is due either to rounding or truncation. For an ideal analog-to-digital convertor where the quantization error is uniformly distributed between -1/2 LSB (Least Significant Bit) and +1/2 LSB, the quantization error of the system should be equal to 
Precision
Measurement precision is determined by repeating acquisition several times. The standard deviation is applied into Eq.
(2) with 95% confidence interval (student t factor = 1.96) and the average precision of each component is detailed in Table 2 . The precision presented in the Table is based on 500 total measurements (1000 samples for each measurement). gram.cm). This precision is better than the quantization error of the acquisition card. This measurement is done for a very short period (1sec) so this acquisition system precision does not take into account an undetermined random noise.
Non-Repeatability of measurement
The standard deviation of numerous measurements of an identical load can represent the non-repeatability of the experimental system. This characteristic also presents the scatter of numerous measurements which can represent the measurement precision. As the validation is conducted by 25 measurements for each applied load, non-repeatability or measurement precision of the system can be determined by these repeated measurements. It is found that the overall system has a non-repeatability corresponding to 0.0029N, 0.0034N, 1.1E-4N.m, 7.1E-5N.m, and 8.6E-5N.m as presented in Table 2 .
Hysteresis
Hysteresis occurs when the system is repeatedly wiggled back and forth. One can ask the question, "If the balance is pushed, it will yield and when it is released, does it spring back completely?" Hysteresis is usually determined by appling the force and then releasing. In this test, the mass and moment are applied step by step from zero to maximum 
Error of MicroB and System
The error of the new balance can be determined and it is shown in Table 3 . The error of the balance is approximately equal to 1g (1E-2N) and 10g.cm (1E-3N.m) for forces and moments respectively. There is no significant difference of determined error between single-load test and continuous-load test. 
Effect of Axial Force
To study the effect of axial force on the balance, a 200 gram mass is applied in the X direction as shown in Fig.11c .
The measurement error is analyzed following the same method. Totally, 20 tests of different single and continuous applied load cases are carried out. The investigation presents no effect of force in X direction on the error of all components. The error of all components from this test is not bigger than that obtained by the test without force in the X direction.
Effect of Running Brushless Motors
10 single load tests are done while two brushless motors are running in order to indentify the effect of power supply and magnetic field induced by the motor. The distance between the motor and the balance is randomly varied between 30 and 80 cm. The motor is powered by 11Volts DC generated by a N5766A DC power supply from Agilent
Technologies. The motors run at 80% of the PWM signal and roughly correspond to a total of 3.5Amps. The error and standard deviation between motor running and the motor not running are compared. However, no significant effect from the power supply and motor are observed.
Calibration Matrix Error
This error normally depends on the magnitude of the applied mass, generally increasing as more loads are applied. This is due to the calibration matrix error. Figure 12 presents the balance error found in this study and it is plotted with the absolute value of input load. It clearly shows that the error is progressively increasing with the input load. It can be mentioned that the error at small load is close to zero is mainly due to zeroing the acquisition error and the capacity of the balance itself. A linear relation of % error can be noticed between the zero and maximum load. The error of the system is then detailed in Table 4 . The 2 nd and 5 th columns mention the number of data which used for determine the error at zero and at maximum load respectively. 
IN AND OUT OF GROUND EFFECT TEST OF MAVion MAV
The measurements of ground effect on the MAVion configuration have been done using the MicroB. The description of the experimental setup and the results are detailed in this section.
Approach
A dedicated experimental test bench has been used to study ground effects as well as flight control efficiency both in ground effect (IGE) and out of ground effect (OGE). The test bench mainly consists of a newly acquired 5-component
MicroB which had been validated in the previous section. The complete powered aircraft was attached to the balance so that all aerodynamic forces and moments, with the exception of the side force, were measured by this accurate sting balance. In hover, both IGE and OGE tests are performed by varying tail-to-ground vertical distance (H).
The model consists of two propulsion sets, a main wing, a fuselage, two horizontal tails and two vertical tails as presented in Fig.13 . 
Results and Discussions
Characteristics of Propulsion (OGE)
The test of single motor OGE has been conducted by placing the propeller disc at a height of 800mm-from the ground.
The maximum thrust obtained by this propulsion system is equal to 1.59N at a motor speed of 12,000 RPM. The result is presented in Fig. 14 Figure 14 . Characteristics of single motor-propeller OGE However, at the maximum speed of 12,000 RPM, the motor and speed controller are subject to high electric currents, and it is not safe to operate at maximum throttle for long periods of time. In addition, the required thrust of 120 grams, which corresponds to the expected MAV weight of 240 grams, is supplied by at motor speed between 9,000-10,000 RPM. Therefore, the measurement in this ground effect study has been done at speeds ranging from 6,500-11,000 RPM.
Ground Effect on Propulsion
A ground effect test is then conducted by gradually increasing the tail-to-ground distance for H = 0, 25, 75, 150, 250, 400 and 600 mm. The first result in Fig. 15 -top shows the variation of motor speed during the ground effect test. It exhibits that the speed is quasi constant over all the test range. Total thrust of two propulsion sets is illustrated in Fig. 15 -bottom. The propulsion set roughly gives thrust of 1, 1.5, 1.9, 2.3, and 2.8N for motor speeds of 6 500, 8 000, 9 000, 10 000, and 11 000 respectively. Hence, ground effect on the MAV thrust is not clearly presented by the above figures. Ground has no effect on thrust of motor-propeller at low speed of 6 500 to 9 000 RPM. At the maximum test speed, the thrust at H = 0 has approximately only 2% greater then the thrust at OGE. However, this result may due to the small increment of motor speed as seen in Fig.15 -top. The motor thrust coefficient is also calculated as a function of motor speed and height, showing no significant effect. The results in thrust coefficients are scattered around a value of 0.016. A maximum calculated C T of 0.0165 is found at a maximum speed of 11,000 RPM when the MAV is placed on the ground. However, this change of C T is very small if compared with the error of the results.
In order to investigate the influence of ground effect on the motor-propeller efficiency, the power loading (PL) has been calculated. Figure 16 indicates a small ground effect on PL of the VTOL MAV, particularly at high speeds of 10,000 and 11,000 RPM where an improvement in PL is evaluated around 3.4 and 5.8%, respectively. These increments of PL result from both a small increase in thrust and a small reduction of electric power input when the MAV gets closer to the ground. At higher motor speeds, the electric power decreases by about 2 Watts from 78 to 76
Watts for ground distances of 600 and 0 mm, respectively. In this case, the presence of the ground may introduce some influence on the propeller performance through tip loss reduction as observed in large rotors. Nevertheless, the influence of ground to the power loading examined in this investigation is not significant. 
Ground Effect on Clean Wing Characteristics
Ground effect on the clean-wing aerodynamic characteristics is also determined, especially for the download force of MAV induced by propwash flow. The drag or download force induced by propulsive flow (D p ) is then calculated by the total vertical force (F total ) measured by the sting balance and thrust (T) measured by propulsive force sensors.
In order to calculate aerodynamic coefficients, momentum theory is applied to determine the average reference velocity (V p ) induced by the propellers. Furthermore, since propulsive induced flow does not blow all wing surfaces, only the wing surface located in the propeller slipstream is considered in the calculation. The induced velocity and drag coefficient of VTOL MAV calculated by Eq. 3 and 4 are illustrated in Fig. 17 . The subscript p in these equations refers to the propeller. Thrust of motor 1 and motor 2 (right and left side) is denoted by T 1 and T 2 , respectively.
Because propeller thrust as a function of the ground distance is almost constant, the calculated induced velocity is also constant as plotted in Fig.17-top . However, the calculated drag coefficient denoted by lower symbols in the same figure significantly varies with ground distance, particularly when the MAV is approaching the ground. The drag coefficient induced by the propeller, C Dp , reduces from about 0.058 when it is out of GE to about 0.038 when it lands on the ground. It is remarkable that the drag coefficient induced by the propellers remains almost constant for a given altitude and does not dramatically vary with the motor speed or propulsive induced flow. The small variation of the results may therefore be a consequence of Reynolds effects and measurement errors.
To identify a drawback of the MAVion tractor configuration, the drag force to total vertical force ratio is illustrated in Fig. 17 -bottom. The percentage of download force varies from 9.5% to 6% for the case of OGE and IGE, respectively. This means that there is a 10% additional drag penalty due to the blowing effect in hover flight for this 7%-thickness symmetrical-airfoil wing MAV model. Since the parasite drag is a combination of pressure drag and skin friction drag, this download-to-total force ratio should vary with airfoil types and thickness. From the experiment, it turns out that hovering VTOL MAV in ground effect uses less energy than when hovering out of ground effect due to the reduction of drag force. However, the ground effect may introduce other disadvantages to the vehicle such as a reduced efficiency of control surfaces which will be investigated and presented in the next section. The moments acting on the MAV wing in hover are also measured by the sting balance. However, the result showed in Fig. 18 -bottom indicates that no propwash-induced moments are present. Therefore, only the results at 8,000
and 10,000 RPM are plotted. Rolling moment is represented by circle symbols, pitching moment is represented by square symbols while triangle symbols represent the yawing moment. The maximum moment is just 0.015 Nm, or 0.015 g.cm. The error bars in moment measurements are presented in Fig. 18 -bottom. They consist of moment and force errors and due to the fact that the desired center of gravity for the MAVion is not located at the center of balance.
Therefore, the moment at the CG must be calculated by the moment and a transported force. Consequently, this introduces high moment error as illustrated in the figure. Yet, the test shows no unexpected result. All three moments, roll, pitch, and yaw, at all tested speeds are very close to zero which is one of the most important consequences of applying counter-rotating propellers. The maximum observed value is less than the uncertainty of measurement. Then, one can conclude that no significant moments are created during hover.
Ground Effect on Efficiency of Control Surface
According to the previous section, aerodynamic coefficients at a given altitude are relatively constant and do not depend on motor speed. Furthermore, VTOL and hovering are usually performed at a vertical force equal to or just slightly greater than weight. Therefore, the test is done only at a motor speed of 10,000 RPM when the total thrust (OGE) roughly corresponds to the desired weight of the VTOL MAV for hover. Both control surfaces are symmetrically deflected in this study as in pitch control mode. The first result represented in Fig. 19 is the total vertical force of the VTOL model (F total ), which is the sum of the thrust force generated by propellers (T) and the drag force on the wing induced by propwash flow (D p ). As mentioned before, the total vertical force is normalized by the propulsive induced velocity and it is illustrated in Fig. 19 . The effective thrust coefficients C T(eff) (Eq.6) which are calculated by a similar method as for the wing aerodynamic force coefficient, by total thrust from both motors, wing surface area, and Fig. 20 -left, the presence of ground produces two effects. In the IGE zone (represented by circles), flow is decelerated and spread out due to the ground plane which perpendicularly obstructs flow just under the propeller disc. Therefore, the streamline curvature is changed, resulting in a local reduction of control surface angle. In addition, local velocity is also reduced and a stagnation point is found at the centerline. Combining both effects, the aerodynamic force on control surfaces IGE is decreased. When OGE, the control surfaces have normal efficiency since they are not influenced by the ground. The reduction of download or drag force can also be explained by the reduction of flow speed and the modification of local streamline flow IGE. Skin friction drag force of a hovering VTOL MAV is reduced by ground effect, in particularly on the trailing part, due to the change of local skin friction coefficient and the decreasing of local flow speed. Aerodynamic coefficients for lift force (C Lp ) or normal force on the wing are plotted in The pitching moment in Fig. 22 is not clearly observed when the vehicle is close to the ground as seen by its value at an altitude of 0 and 25mm. The result is very close to zero and it is very small compared to the measurement error.
However, the pitching moment efficiency of control surface is improved when the altitude increases. However, the MicroBalance has a limitation in the maximum angle of attack and accuracy of the strut drag correction. Ground has some effects on the aerodynamic characteristics of the present VTOL MAV, in particularly if the altitude is lower than 150mm. Although ground effect has almost no influence on the performance of the propulsive system, the ground is beneficial in terms of a wing drag force reduction. The present tail-sitter VTOL MAV produces a drag equal to about 10% of its total weight to hover over the ground. Drag coefficient of IGE determined by propulsive induced speed is decreased by 1/3 with respect to OGE configuration. This means that a MAV hovering IGE uses less energy than if hovering at a higher altitude. However, this gain of energy is not very high when compared with the loss of control surface efficiencies which is more important for controlling the vehicle. Thus, it is recommended to hover OGE which should be about 2 times the propeller diameter for security and controllability of this vehicle.
Comparison between the current experiment and numerical simulation of ground effect on the MAVion is currently being undertaken. The study of ground effect on MAVs holds further research challenges. The size of the ground and/or room sometimes is not large compared to the size of the MAV, as in the case of hovering over a table in a small room. The interaction between ground, wall, and ceiling may add more complexities to the problem of indoor flight.
Furthermore, unsteady aerodynamics of a propeller can impact hovering characteristics and stability of this kind of
